We report the incorporation of the Wiimote, a light-tracking remote control device, into two undergraduate-level experiments. We provide an overview of the Wiimote's basic functions and a systematic analysis of its motion tracking capabilities. We describe the Wiimote's use in measuring conservation of linear and angular momentum on an air table, and measuring the gravitational constant with the classic Cavendish torsion pendulum. Our results show that Wiimote is a simple and affordable way to streamline the data acquisition process and produce results that are generally superior to those obtained with conventional techniques.
I. INTRODUCTION
Since its introduction in 2006, Nintendo's Wii game console has garnered considerable attention for its novel controller, the Wii Remote (Wiimote). 1 With solid-state accelerometers and a front-mounted camera, the Wiimote incorporates the controller's motion and position into the user interface. For example, a player can swing the Wiimote like a baseball bat or use it as a pointer for selecting on-screen options.
The Wiimote communicates with the console over a standard wireless Bluetooth interface, making it quite simple to use the remote with any Bluetooth-enabled PC. The range is typically shorter than the range of Wi-Fi, but adequate for classroom-scale projects, and data transfer is virtually instantaneous for the kinds of applications we describe in this paper.
It is not surprising, therefore, that the Wiimote has found applications in instructional physics laboratory experiments, with most of the attention focused on using its accelerometers. [2] [3] [4] In this paper, we describe how to use the Wiimote for tracking the motion of objects in two common undergraduate laboratory experiments. The first experiment demonstrates conservation of linear and angular momentum using elastic collisions on an air table. The second experiment updates the familiar Cavendish measurement of the gravitational constant.
In both cases, Wiimote data acquisition offers a fun alternative for students already fond of the Wii game system. Moreover, the data recorded are typically much greater, in quantity and quality, than what can be obtained with more traditional methods. This affords students the opportunity to follow up their experiment with more sophisticated off-line data-analysis techniques.
II. WIIMOTE BASICS
When playing a typical Wii game, the Wiimote's accelerometers provide the console with partial information about the controller's spatial orientation. Additional information, such as whether a Wiimote is pointed at the right or left side of the screen, requires information from its camera. The user places an array of IR LEDs, the sensor bar, next to the television or monitor and points the Wiimote at a sequence of on-screen targets. To avoid being distracted by the screen or other light sources, the Wiimote's camera sits behind an IR filter. The only thing the Wiimote sees is the sensor bar.
The power of the Wiimote is that it does the image processing before sending the data to the console. It returns the coordinates of the sensor bar LEDs, not the actual camera image. The console software then builds a map, connecting the screen coordinates of the targets with the reported camera coordinates of the LEDs. When the mapping is complete, the console can determine where the user is pointing to, as long as the sensor bar remains within the Wiimote's field of view.
Our experiments reverse the roles of the Wiimote and the sensor bar. Rather than using fixed lights as a reference system for a moving Wiimote, we fix the Wiimote and use it to track moving lights. Tracking invisible IR LEDs is inconvenient, but the IR filter is easily removed by opening the Wiimote housing with a tri-wing screwdriver. Even with normal overhead lighting on, we have found that the Wiimote can track LEDs of all colors, as well as spots from red and green laser pointers, dots on a computer monitor, and even reflective stickers.
Bypassing the console and extracting the light coordinates directly from the Wiimote is surprisingly simple. Doing this is so popular that numerous software libraries are freely available, allowing any Bluetooth-enabled computer to talk to a Wiimote. Our work utilized a free, slightly modified library, written in PYTHON for Windows and Linux. 5 As shown in Fig. 1 , once the right supporting libraries are in place, a few lines of code are sufficient to track lights and collect the data on a PC.
The Wiimote returns the x and y coordinates of up to four tracked lights with a resolution of 1024 Â 768 pixels. Its horizontal field of view is approximately 625
. However, the Wiimote has no way to distinguish one light source from another. It acquires them in an essentially random order and assigns them to four slots. If a source is lost and reacquired, it will be assigned to the lowest available slot, not necessarily to the one it previously occupied. This behavior is rare in our experience unless a stray hand blocks a light. Various schemes can fix this problem during data acquisition, if so desired.
III. TESTING MOTION CAPTURE PERFORMANCE
Since the demands of an experiment may exceed those of a video game pointer, we have conducted several tests of the Wiimote motion tracking performance. To test whether the Wiimote's image capture apparatus introduces any nonlinear distortion of the spot position, a Wiimote was mounted on an optics bench in front of an LCD monitor. The distance between the Wiimote and the screen was such that the edges of the monitor barely exceeded the Wiimote's field of view, and the screen and Wiimote were leveled and squared.
A single white dot, with a width of about 2% of the Wiimote's field of view, was scanned across the LCD monitor, and the known screen coordinates at each position were compared with the coordinates returned by the Wiimote. In order to account for differences in scale between Wiimote pixels and screen pixels, a linear fit was performed between the two sets of coordinates in both horizontal and vertical directions according to
The residuals from the two fits are combined in quadrature and shown in Fig. 2 . The RMS residuals for the horizontal and the vertical fits were both 0.39 pixels. Given that the expected error due to integer truncation is 0.29 pixels, this result is quite satisfactory. However, an interesting feature in Fig. 2 is the periodic beating due to roundoff between the two different pixel sizes. The next test determined how the Wiimote assigns coordinates to a spot that extends over several camera pixels. Using the same setup as the previous experiment, the Wiimote was shown a stationary dot of increasing radius. The reported coordinates were identical for dots as large as 10% of the Wiimote's field of view, indicating that the Wiimote tracks the center, rather than the perimeter, of large spots. For extremely small dots, brightness is likely the limiting factor.
Finally, the tolerance for misaiming the Wiimote was characterized by rescanning the dot with the Wiimote rotated horizontally (yaw). As Fig. 3 shows, this kind of misalignment produces the expected quadratic nonlinearity, also called keystone distortion, between screen coordinates and Wiimote coordinates. These distortions must be considered during the experimental design. Using the Wiimote's full field of view improves resolution but amplifies the effects of misalignment-induced nonlinearities.
IV. TRACKING OBJECTS-CONSERVATION OF MOMENTUM
In our first example of Wiimote data acquisition, students observe conservation of linear and/or angular momentum with colliding objects on a low-friction air table. The data for this popular experiment are typically recorded by a video camera.
6 Students use software to tag the moving objects in individual frames and us this information to calculate the velocity of each object.
The Wiimote can simplify this process by tracking the moving objects directly, removing the need for inspecting individual video frames. To make the objects trackable, their tops are covered in black paper with a reflective sticker attached to the center. If one also wishes to track the rotation of an object, then an additional sticker can be attached at its edge. Attaching two stickers to one object, separated by a known distance, also provides a calibration to convert Wii pixels into physical lengths. The Wiimote is mounted above the air table such that as much of the table as possible is within the Wiimote's field of view.
Reflective stickers are convenient because they require no power source and add negligible mass to the colliding objects. When used with only standard fluorescent lighting, the stickers' reflective brightness appears to be at the limit of what the Wiimote can distinguish from ambient light sources. In order for this experiment to work reliably, the Wiimote's gain was increased through a modification of our software library (see Appendix).
In our particular version of this experiment, students collide a circular puck with a rectangular block. Although the block starts at rest, it has both rotational and translational motion after the collision. This shows that, for a suitably chosen reference point, an object traveling in a straight line possesses angular momentum. Figure 4 shows the data collected for one such collision, along with the reconstructed positions of the colliding objects. The computer polls the Wiimote at a rate chosen by the user (here 50 Hz) and records the returned coordinates and the computer's elapsed time. The rotation of the puck was negligible and was not tracked or included in the calculations. In principle, it could be included using an extra spot, just as with the block. Table I shows student data for a particular run and shows that both linear and angular momentum are conserved to better than 2%. Since the Wiimote alignment relative to the air table was very crude, improved accuracy is quite possible.
The initial velocity of the puck was approximately 30 cm/s, which for our setup corresponds to 400 pixels/s. Although we did not systematically test the Wiimote's ability to track faster objects, our experience suggests that it should be possible.
V. TRACKING LIGHT SPOTS-THE CAVENDISH EXPERIMENT
In the modern version of the Cavendish experiment, a laser is used to measure a torsion pendulum's rotation due to gravitational forces. 7 The typical procedure requires students to measure both the period of the oscillation and the change Fig. 4 . Captured points for a collision between two objects on an air table. The reconstructed object positions at four different times are also shown. This collision shows transfer of linear and angular momentum between the two objects. The puck's initial velocity was 30 cm/s. Positions were sampled at 50 Hz. in the equilibrium position when the external masses are swiveled from one side of the apparatus to the other. Since the pendulum's period is on the order of several minutes, manually recording the position of the laser spot is tedious, especially if the data are to be taken over several runs. A number of automated data acquisition techniques are available for this experiment.
8-10 Few, however, are as simple or affordable as the Wiimote. The student mounts the Wiimote directed toward the reflected spot of the laser, and lets the computer record its position at regular intervals. As with the previous experiment, a reference is needed to translate Wiimote coordinates into actual lengths. As shown in Fig. 5 , we have installed an LED on both sides of the laser's target. The Wiimote captures the laser spot and the LEDs simultaneously, and the software uses the known distance between the LEDs to calculate the actual distance traversed by the laser spot. Mounting the LEDs this way and remeasuring their position on every sample is a simple way to make the experiment self-calibrating. If the position of the Wiimote remains absolutely fixed, the appropriate scale factor could simply be hard coded. We effectively eliminate yaw by using a carpenter's square to set the side of the Wiimote housing perpendicular to the target wall. Figure 6 displays the data for two runs, clearly showing the expected damped harmonic motion. Each data set is obtained with the external lead masses in one of two possible orientations. The curves are fit to exponentially damped sinusoids. The period and equilibrium offset from this data set is consistent with a value of G ¼ 6:7260:17 ð ÞÂ10 À11 Nm 3 =kg 2 . The measured value deviates from the standard value by only 0.77%. It is important to note that the contribution to the total error from this data acquisition scheme is an order of magnitude smaller than the contribution from uncertainties in the geometry of the apparatus, such as the position of the lead ball.
VI. CONCLUSION
Our two examples suggest that the Wiimote can be a useful addition to many different kinds of experiments. The primary requirement is to make the intended light sources visible to the Wiimote while keeping distracting light sources out of its view. With the options we have presented (LEDs, lasers, and reflectors), there is likely a way to incorporate the Wiimote into most small-scale motion experiments. Larger experiments, such as those involving projectile motion, may face tougher challenges.
For appropriate experiments, the Wiimote is a versatile way to collect abundant, high-quality data. Its price is typically a fraction of dedicated, commercial data acquisition tools, making it ideal for use even in high schools. Moreover, its ease of use can enhance the appeal of dated or tedious experiments by inviting students to think about clever methods of data acquisition, and perhaps for the first time, to try their hands at computer programming.
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APPENDIX: TECHNICAL DETAILS
Our work was done on Ubuntu Linux using an Iogear Bluetooth 2.1 USB dongle. The momentum experiment was conducted on a Ealing air table system. The colliding pucks were covered with black construction paper, and reflective stickers from REI.
The Cavendish experiment used a 5 mW green diode laser with an external power supply and integrated heat sink (model MGM3 from Beta Electronics). Laser pointers work fine for quick experiments, but our experience showed that they do not hold up to the hours of continuous operation required by the Cavendish experiment.
Our versions of the Wiimote interface libraries, both the original and the one modified for weak (reflective) sources, are available online. 
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The Physics Teacher ◆ Vol. 49, January 2011 DOI: 10.1119/1.3527747 ± 3g accelerations and up to 10,000g shock survival. Accelerometers will typically cost at least a couple of hundred dollars. The Wiimote costs less than $40. In addition, most accelerometers require wiring connections with the hardware that acquires the information they detect. The Wiimote is untethered, obtaining power from two AA batteries, and thus allows for more flexibility in the design of experiments. The range of its wireless connectivity is up to 10 m. We have conducted measurements up to this range and with acquisition rates from 40 to 200 Hz.
The acceleration information for each orthogonal axis can be communicated to a PC or laptop through Bluetooth protocol. A program, such as GlovePie, 5 is needed to read the Wiimote data. GlovePie was originally intended to interface with a variety of devices. It was later modified by its creator, Carl Kenner, to include support for the Wiimote. The program acquires data from the Wiimote directly. We made additional changes to GlovePie version 0.3 to adapt it to our introductory physics experiments.
Before each experiment, calibration of the accelerometers is done by the software. The process involves setting the Wiimote on a stable surface parallel to the axis to be calibrated. For example, the z-axis is along the length of the remote, and therefore the Wiimote should be placed flat on the table so that the z-axis can be calibrated. Supporting it on each end for a few seconds is required by the software to zero the z-axis accelerometer. The output of the accelerometers is given in m/s 2 .
Experiments and results
The PCs and laptops we used did not have internal Bluetooth cards. We purchased micro USB Bluetooth adaptors from Kensington for less than $30 each. They connected effortlessly to Windows XP and Vista (Microsoft) operating systems. A list of USB adaptors that are compatible with various operating systems can be found at: www.wiili.org/index.php/ Compatible_Bluetooth_Devices.
In the experiments presented below we use the Wiimote to complement data obtained by a PASCO motion sensor. Accelerations may be obtained with DataStudio (PASCO scientific), starting from the position measurements, but these derived data are very noisy and imprecise.
a) Uniform circular motion
To determine rather accurately the position of the accelerometers, without taking apart the Wiimote, we conducted a typical centripetal motion experiment, as shown schematically in Fig. 2 . While keeping the Wiimote's accelerometer position fixed, the angular rotation was increased. Data were collected using GlovePie and output to a text file. In Fig. 3 we
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Romulo Ochoa, Frank G. Rooney, and William J. Somers, The College of New Jersey, Ewing, NJ T he Wii is a very popular gaming console. An important component of its appeal is the ease of use of its remote controller, popularly known as a Wiimote. This simple-looking but powerful device has a three-axis accelerometer and communicates with the console via Bluetooth protocol. We present two experiments that demonstrate the feasibility of using the Wiimote in introductory physics experiments. The linear dependence of centripetal acceleration on the radial distance at constant angular velocity is verified and compared with data obtained using photogate timers. A second application to simple harmonic oscillators tests the capabilities of the Wiimote to measure variable accelerations.
The success of the Wii (Nintendo Co., Ltd.), released toward the end of 2006, is based on the ease of use provided by its remote controllers. The Wiimote has an IR image sensor that can track up to five objects simultaneously, Bluetooth connectivity, and three accelerometers. Applications have already been developed that use the image sensor capabilities and to some degree the accelerometers, but few have been applied to physics experiments. Vannoni and Straulino 1 used the Wiimote to obtain the motion of a swinging pendulum. Lee 2 has designed code to use the Wiimote for finger tracking, interactive whiteboards, and head tracking for desktop VR displays. Dale et al. 3 developed a psychological application in which they studied the dynamic movements of a user when learning a task. Other applications can be found at WiimoteProject.com.
The Wii remote and controlling software
The Wiimote is a one-handed remote controller 148 mm long, 36.2 mm wide, and 30.8 mm thick. Its mass is 0.183 kg and, as can be seen in Fig. 1 , it has a large circular (A) button on its top cover. The position of this button is of importance because the accelerometers are beneath it. The Wiimote uses a three-axis accelerometer from ADI (Analog Devices Inc., Norwood, MA), model ADXL330. 4 This device is rated for (2) Figure 5 displays the acceleration-versus-time relation, obtained using the Wiimote with 40 data points captured per second. It clearly shows the expected sinusoidal time dependence. An initial displacement of 0.11 m was given to the system. The spring's force constant was determined to be 7.30 ± 0.05 N/m and its mass 0.051 kg. An additional 0.130 kg were added to the Wiimote's mass in the form of a cup (to support the remote) and a standard mass for increased linear stability of the system. Under these conditions a natural angular frequency of 4.7 ± 0.1 rad/s is calculated. The graph shows an acceleration amplitude of 2.5 ± 0.1 m/s 2 , which agrees well with the value calculated from using ω 0 2 x 0 . A period of 1.33 ± 0.02 s is obtained from this data. Figure 6 shows the timedependent position graph obtained using the motion sensor. At a 40-Hz collection rate, it is a very smooth curve. DataStudio uses differentiation algorithms to display the acceleration starting from the position curve. Although the positionversus-time graph obtained with the motion sensor was very smooth, Fig. 7 shows that the acceleration values are not close to those expected and the response is unreliable.
plot the centripetal acceleration measured by the Wiimote as a function of the square of the angular velocity, calculated from the period using a photogate. The quadratic dependence of centripetal acceleration is clearly shown. A linear regression curve is shown as a visual aid. The slope of this line is 0.075 m, indicating the distance of the accelerometer to the axis of rotation. Repeated experiments resulted in the localization of the accelerometers, roughly under the A button, with an uncertainty of about ± 0.005 m. Although a plot of the centripetal acceleration in terms of the period measured is instructive, it is not the best plot for obtaining regression parameters.
We used the same setup to verify the linearity of the acceleration measurements that the Wiimote reports. Measurements were conducted at the same angular speed while varying the distance of the Wiimote to the axis of rotation. Figure 4 shows the centripetal acceleration calculated from the periods measured by a photogate and the values measured directly by the Wiimote. Uncertainties in the accelerations are less than 2% and are not visible due to the size of the symbols representing the data. The line shown is a fit to the calculated radial accelerations and is added as a visual aid. Although the Wiimote accelerometers are rated up to ± 3g, we obtained data up to 4g with small errors.
b) Simple harmonic motion
Another interesting yet simple application of the Wiimote is for the analysis of a vertically suspended oscillating spring with a mass attached. This system is well suited for these measurements since the changes in the acceleration have a sinusoidal time dependence. To verify the quality of the Wiimote's measurements, a PASCO motion sensor was also used to follow the displacements of the oscillating mass.
A simple harmonic oscillator's position is given by: 
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Conclusions
The data that we obtained from the experiments show that the Wiimote can be used as an inexpensive and accurate accelerometer in introductory physics experiments. The data from the uniform circular motion experiment show that the Wiimote is capable of giving accurate acceleration results within its stated range. Each data point that was produced by the Wiimote was within the error associated with the calculated acceleration.
The Wiimote has the capability of enhancing some experiments or to easily obtain measurements that would be cumbersome to do with other devices. The Wiimote's main strength, other than its low cost, is its coupling of three accelerometers with wireless communication. Carefully designed experiments can showcase the power of the device without reaching its limitations.
We believe that the good agreement of the results with calculated values, and the ease of use of the Wiimote, make the techniques described suitable for introductory physics experiments and for demonstrations. The Wiimote offers students computerized data acquisition, relieving them of the sometimes tedious task of recording their data, while allowing them to devote more of their time to the setup, data analysis, and the thoughtful interpretation and comparison of their results with appropriate physical models. 
